Seismic oceanographic studies from various oceans worldwide have indicated that the acoustic reflections are mostly observed along thermal boundaries within the water column. However, we present a case study of seismic data from Krishna-Godavari Basin which shows that salinity variations also play an important role in the occurrence of water column reflections. The observed reflection is modeled using the reflectivity series derived from the salinity and temperature profiles from a nearby CTD location. Sensitivity analysis of temperature and salinity on soundspeed shows that the effect of salinity cannot be ignored for modeling acoustic reflections. The synthetic seismogram matches well with the observed reflection seismic data. Remarkable similarities between the reflection seismic and the salinity profile in the upper thermocline suggest that the importance of salinity variations on the water column reflection. Furthermore, impedance inversion of the reflectivity data reveals several thermohaline structures in the water column. The origin of these thermohaline structures is largely unaddressed and may be attributed to the fresh water influx coming from Himalayan and Peninsular rivers or due the presence of different water masses in the Indian Ocean which warrants detailed study using concurrent seismic and CTD data.
I. INTRODUCTION
Acoustic reflections within water column have been reported worldwide. These reflections are manifestations of acoustic impedance contrasts produced by fine scale thermohaline structures. They represent the variability in temperature and salinity in tropics and subtropics regions. In a pioneering work, Holbrook, et al. 1 showed a seismic reflection between the Labrador Current and the North Atlantic Current, and attributed the occurrence of seismic reflection to the change in temperature.
Further, they argued that temperature had dominant influence on soundspeed in the uppermost 400 m of the ocean. Worcester, et al. 2 used the arrival times of acoustic signals to invert for temperature which is now constitute the field of oceanic thermometry. Any deviation in modeled arrival time is largely attributed to change in temperature. The full waveform inversion of multichannel seismic (MCS) data was used to produce temperature profile in the Norwegian sea assuming a constant salinity 3 . Similarly, the MCS data from southwest of Iberian Peninsula are inverted for both temperature and salinity 4 and verified using the simultaneously acquired XBT (eXpendable Bathy Thermograph) and CTD (Conductivity-Temperature-Depth) data. Worldwide, the primary cause of acoustic reflections in the water column is assumed to be from the change in temperature, but the impedance contrast can also be produced by the change in salinity. We are not aware of any work which models the impedance contrast using the changes in both temperature and salinity. However, the temperature and salinity gradients have been used in generating synthetic seismograms and are compared with the reflection seismic data [5] [6] [7] .
In order to model the impedance contrast across different layers, known as reflectivity series, depthwise variation in soundspeed and density of seawater are required. Theoretical formulation exists for soundspeed which is closely linked with the equation of state in sea water. It considers the process of propagation of wave in compressible fluid as an adiabatic process. The well known Matthews and Kuwahara tables 8, 9 are based on theoretical formulations. However, it produces inaccurate results for seawater temperature and salinity ranges. In order to overcome this difficulty, several empirical relationships are established to estimate soundspeed from temperature, salinity and depth (pressure) data [10] [11] [12] [13] [14] [15] . In the present study, Coppens' equation is used to derive soundspeed from CTD data.
Similar to the soundspeed, the density of sea water is also a function of salinity, temperature and pressure [16] [17] [18] which can be estimated using empirical relationship. In the present study, density and soundspeed profiles are estimated using the parameters derived from a CTD profile in the study area. The reflectivity series is computed from the acoustic impedance and a convolution-based forward modeling is used to generate the synthetic seismogram assuming a known source wavelet 23 . The synthetic seismograms are compared with the available MCS data to understand the effect of density and soundspeed variations on the acoustic reflections.
The effect of salinity variation is highlighted by generating the synthetic seismogram using a smoothened temperature profile (a higher order curve fitting to the original temperature profile)
while keeping the salinity unchanged. Likewise, the effect of temperature variation is highlighted using a smoothened salinity profile. Further, the MCS data are inverted for impedances contrast across different layers representing thermohaline structures in the water column using seismic 'colored' inversion, an effective tool used in oil and gas exploration 24 .
II. STUDY AREA AND DATA AVAILABLE
The study area is located in the offshore Krishna-Godavari (K-G) Basin, along the eastern continental margin of India (Fig. 1 ). Multi-channel seismic (MCS) data were acquired during the first week of May 2004, by Oil and Natural Gas Commission (ONGC) for gas hydrate exploration 25 in the K-G basin. Eight 40 cu.in. airgun were used at the seismic source which were fired at every 12.5m . A 1.5 km long streamer with 120 channels at an interval of 12.5 m was used to receive the seismic signal. The near offset distance (i.e. distance between the airgun and the first hydrophone of the streamer) is 70m. The data were recorded with a 1 ms sampling rate after applying a high cut filter of 500 Hz.
The seismic survey was not designed for oceanographic studies and therefore, no CTD data was acquired in the study area during the acquisition of seismic data. The nearest CTD data available is about 2 km away from Line 1 ( Fig. 1 ) that was recorded in the middle of January, 2004. While there is a gap of 4-5 months between the acquisition of CTD profile and seismic data, the analysis of climatology data suggests that there is no appreciable change in the CTD profiles below the depth of ~50m of water depth during this period in the Bay of Bengal 26, 27 . A Sea Bird Electronics (SBE) 911
Plus system was used by National Institute of Oceanography (CSIR-NIO) to acquire CTD data under Gas Hydrate program. The observed temperature and salinity profiles from the CTD data ( Fig. 2 ) are used to estimate the soundspeed and density profiles which in turn are used for reflectivity modeling to generate the synthetic seismogram.
III. THEORY AND METHOD

A. Estimation of soundspeed in sea water
Soundspeed of seawater varies with temperature (T), salinity (S) and depth (D) (or, pressure).
Several empirical relationships exist representing soundspeed (c) as a function of T, S, and D [10] [11] [12] [13] [14] 28 .
In the present study, Coppens' equation (Eq. 1) is used for its simplicity and large range of temperatures over which it is valid.
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In Eq. (), the temperature is expressed in degrees Celsius, salinity is in PSU, depth is in meters, and soundspeed is in m/s. Variation of soundspeed with depth computed using the observed temperature and salinity profiles is shown in Fig. 3a .
In order to understand the effect of T and S variations on soundspeed, sensitivity analysis is performed by differentiating Eq. 1 with respect to T and S. Assuming a temperature of 22.3 o C and salinity of 34.75 PSU at a depth of 100 m, and are computed to be 2.6 and 1.1, respectively. Soundspeed is more than twice as sensitive to temperature as compared to salinity 29 . The effect of salinity, however, cannot be ignored if the variation in salinity is significant as observed in the study area. Furthermore, sensitivity to salinity increases with increase in temperature (Fig. 4) . In the open seas below the mixed layer (~50m water depth), temperatures are usually high and significant salinity variation are observed. In such regions, salinity effect on impedance and its reflection generating potential cannot be ignored.
B. Estimation of density of sea water
Sea water density varies with temperature and salinity. Usually, it ranges between 1.02 gm/cc to 1.03 gm/cc. The empirical relationship by Millero and Poisson 20 is used to calculate sea water density from observed salinity (S) and temperature (T) profiles.
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where represents the density of pure water in kg/m 3 and varies with temperature. The coefficients A and B are also functions of temperature and C is a constant. Salinity is expressed in PSU and temperature is in degree Celsius. The density of pure water 30 and the coefficients in Eq. 4 are given 
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Estimated density profile from the CTD data is shown in Fig. 3b .
C. Impedance, Reflectivity and Synthetic Seismogram
As sound wave travels through sea water column, it refracts and reflects from layers of different acoustic impedances. This layer property (i.e. acoustic impedance, ) is calculated by multiplying density with soundspeed, . The density and soundspeed in seawater were calculated from the observed temperature and salinity profiles at the CTD location. The amplitude of reflected sound waves from different impedance layers is directly proportional to the reflection coefficient or reflectivity, determined by the impedance contrast between the two layers. For an incident normal sound wave, reflection coefficient is expressed as:
where the subscripts refer to the layer '0' and '1', respectively. The reflectivity series computed for the CTD location is shown in Fig. 3c .
A one dimensional synthetic seismogram is generated by convolving reflectivity series with a source wavelet 23 . A Ricker wavelet with a peak frequency of 45 Hz is used as a source wavelet. The workflow for modeling synthetic seismogram is shown in Fig. 5 . The synthetic seismogram produced for the CTD location is shown in Fig. 6 as an overlay (shown as wiggle traces) on the seismic section nearest to the CTD location. The distance between synthetic seismogram and seismic line is about 2 km. An overlay of salinity profile on the synthetic seismogram (Fig. 6 ) shows good correlation with the observed reflections. Furthermore, the synthetic seismograms are generated to highlight the effects of salinity variations on acoustic reflections (Fig. 7a) , using smoothened temperature profile. Likewise, the effect of temperature variation only on acoustic reflection is highlighted ( Fig. 7b ) by using a smoothened salinity profile.
D. Seismic 'Colored' Inversion
The 'colored' inversion 24 is a process to match the average spectrum of inverted seismic data with the average spectrum of impedance. In this procedure, a single optimal matching filter is designed by cross-matching impedance data with the seismic reflection data. Acoustic impedance (AI) profile is computed from the estimated soundspeed and density. AI spectra invariably show 'colored' behavior as the earth naturally filters the higher frequencies. A smoothened curve-fit to the AI spectrum is used to design the inversion operator by matching it with the seismic spectra and rotating the phase by -90 o . Inversion result of the seismic data near the CTD location is shown in Fig. 8 . Also, relative acoustic impedance derived from the CTD data is overlain on the seismic inversion result nearest to the location.
E. Seismic Data Processing
The seismic data was acquired with conventional acquisition design used in petroleum exploration.
In such cases, any reflection amplitude in the water column are feeble compared to sea floor reflection and beneath 31 , and therefore, are susceptible to noise from various sources like ocean dynamics / unstable seas. Furthermore, in marine seismic data acquisition, acoustic signal propagating in the water column attenuates primarily due to geometrical spreading. Increasing gain may help visualize the water column reflections, however, noise will also be boosted along with the signal. We have used spectral balancing technique combined with de-noising based on wavelet transform 32, 33 . Scale based de-noising bring out signal from weak reflectivity. Spectral balancing is essentially done in continuous wavelet transform (CWT) domain by modifying the scalogram and then applying inverse transform to the select scales. The attenuation filter used in the modification of scalogram is derived by appropriately smoothing the scalogram.
Processing of the seismic data is achieved in the pre-stack domain. Broadening of bandwidth helped in precise picking of direct arrivals which in-turn help in shot stack corrections. Data is CDP (common-depth point) sorted before stacking. Distance between two CDPs is 6.25 m and the nearest offset is 70m. Time section is converted to depth using time-depth chart derived from soundspeed profile of CTD data. The two seismic lines (Fig. 1) were processed for the water column reflections are shown in Fig. 9 . The combined seismic section joined at the intersection is shown in Fig. 10 .
IV. RESULTS AND DISCUSSION
Generating synthetic seismogram from sonic and density logs is a common practice in hydrocarbon exploration, and it helps in understanding the observed reflections in seismic data. In the present study, a workflow is created to generate synthetic seismogram from the observed temperature and salinity profiles (Fig. 5) . The established empirical relationships are used to compute soundspeed and density from temperature and salinity data which are in turn used to generate impedance (reflectivity) log (Fig. 3) . The impedance log is convolved with Ricker wavelet to produce synthetic seismogram (Fig. 6 ). An excellent correlation is observed between the synthetic seismogram and seismic reflections (Fig. 6) in spite of the fact that the CTD location is about 2 km away from the seismic line#1 and differences in the acquisition time between the CTD and seismic data. The seismic profiles are converted to depth using the velocity estimated from CTD and are shown in Fig. 9 . Most of the strong reflectors (i.e. thermohaline structures) are confined to a depth of about 300 meters.
Interestingly, no shallow reflections are observed in the seismic data in water depth less than 50 m; in contrast strong reflections are observed in the synthetic seismogram from the CTD data due to impedance contrast between the shallow mixed layer (5 -10 m) and halocline (10 -50 m). We attributed this mismatch to the difference in the acquisition time between the seismic and CTD data.
The CTD data was acquired in the month of January towards the end of winter monsoon and seismic data was acquired during the month of May before the onset of summer monsoon. Due to huge influx of fresh water from Krishna and Godavari rivers and large precipitation due to winter monsoon, shallow mixed layer is expected in the month of January which may explain strong reflectivity as observed on the synthetic seismogram (wiggle display in Fig. 6 ). In contrast, deeper mixed layer may be expected before the onset of summer monsoon due to mixing and hence, it would yield low impedance contrast in the shallow waters. This partly explains the absence of acoustic reflections in shallow water depth (<50m). In addition, conventional geometry for MCS data acquisition limits our ability to image very shallow reflections. The minimum offset (distance between the airgun and the first hydrophone in the streamer cable) is about 70 m and the dominant frequency of source is 45 Hz.
As a result, reflections shallower than 35 m will be difficult to image due to the interference with the direct arrivals. However, direct wave can be inverted for sea surface temperature 34 . In case of seismic analyses of water column reflections, the thermohaline features in the intermediate depths (i.e. ~50 to 300 m) and deeper water are of significance.
Seismic tie between two intersecting lines indicates performance of seismic data processing. Two mutually perpendicular seismic lines (Line#1 and Line#2) processed independently are shown in Fig.   9 and are tied at the intersection (Fig. 10) . This is an impressive seismic tie for 2D lines given high frequency content, short time-arrivals and feathering of hydrophone cables during data acquisition. A gentle dipping water column reflection towards SE is observed in Line 2 (Fig. 9) suggesting the deepening of the thermocline structures.
Reflection observed on seismic sections represents the variation in acoustic impedance. As shown in temperature and salinity on soundspeed shows that the effect of salinity variation is not negligible.
With increasing temperature, sensitivity of soundspeed to salinity also increases (Fig. 4) . Salinity profile is overlain on synthetic seismogram (Fig. 6 ) to show very good correlation between salinity variations and seismic reflections indicating the influence of salinity on seismic reflection.
Furthermore, the effect of salinity is highlighted from modeling studies as shown in Fig. 7a . The decrease in amplitude of synthetic seismogram below 175 m depth indicates reduced salinity variation with depth. Likewise, the effect of temperature is highlighted in Fig. 7b . The acoustic reflections are dominantly controlled by temperature variations for water depth below 200 m. Thus, interpretation of thermohaline structures in the intermediate water depth (Fig. 8 ) must consider salinity variation in addition to the temperature variations.
Seismic data is commonly inverted for impedance to trace bodies of similar impedances. In seismic oceanography, these impedance layers are essentially thermohaline structures. Seismic 'colored' inversion uses impedance log data to invert for reflectivity data 24 . Long wavelength variation is filtered from impedance log to give relative acoustic impedance (RAI) curve (Fig. 8 ). An excellent correlation is observed between the impedance estimated from the nearest seismic location and that estimated from the CTD data. The result from the impedance inversion for the full seismic profile (NW-SE line) is shown in Fig. 11 . The Bay of Bengal (BoB) is traditionally considered to be a region of lesser biological productivity and has been supported by various biological and isotopic studies [37] [38] [39] . It has been suggested that strong stratification in BoB inhibits migration of nutrients upward; however, the physical processes causing such stratification are largely unaddressed. Such stratified layers (or thermohaline structures)
in the intermediate and deeper waters can be imaged using seismic reflection method. The present study is limited by the fact that seismic and CTD were not acquired simultaneously and the objectives of seismic studies were different. Future research in the area may be planned so that simultaneous acquisition of salinity and temperature profiles in addition to the seismic reflection data can be achieved.
V. CONCLUSIONS
In the present study, thermohaline structures are studied in Krishna-Godavari Basin using the available multi-channel seismic data. After special processing of seismic data using wavelet transform based spectral balancing and de-noising, several acoustic reflections in the intermediate water depth are observed in the seismic data representing thermohaline structure in the water column of K-G basin. These thermohaline structures are formed due to impedance contrast in the water column resulting from temperature and salinity variation. The effect of temperature and salinity on the soundspeed is studied using sensitivity analysis, and it showed that the effect of temperature is more than twice as compared to salinity. However, the effect of salinity is more pronounced with higher temperatures, and cannot be ignored if the salinity variation is significant as observed in the study area. The generation of synthetic data using the available CTD information showed good correlation with the seismic data confirming the effect of both temperature and salinity on the acoustic impedance. The modeling of salinity and temperature effects shows that salinity variations are more pronounced in the upper thermocline between 100 and 175 m whereas temperature variations are more pronounced below 200 m water depth. Seismic 'colored' inversion is used to estimate the impedance contrast of the seismic data after calibrating with the available CTD data.
Several thermohaline structures are observed in the seismic data which have a general dip in SE direction. Fig. 1 . Fig. 3 . Soundspeed is computed from temperature and salinity data (Fig. 2) using Eq. 1. Fig. 4 . Sensitivity of soundspeed with respect to salinity and temperature is plotted. The grayscale color shows the ratio of dc/dT to dc/dS (see Eqs. 2 and 3). (Fig. 1) . It is a very good correlation for 2D seismic lines considering high frequency content of the data and feathering of hydrophone cables during acquisition. Fig. 1 . Fig. 3 . Soundspeed is computed from temperature and salinity data (Fig. 2) using Eq. 1. Fig. 4 . Sensitivity of soundspeed with respect to salinity and temperature is plotted. The grayscale color shows the ratio of dc/dT to dc/dS (see Eqs. 2 and 3). Reflectivity data is processed for impedance estimation using seismic 'colored' inversion and is plotted in variable density color plot. The curve in black color is relative acoustic impedance (RAI) calculated from CTD data. Impedance in the shallower section is larger than that in the deeper part. (Fig. 1 ). It is a very good correlation for 2D seismic lines considering high frequency content of the data and feathering of hydrophone cables during acquisition. 
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